We have developed a novel linker-primer PCR assay for the detection and quantification of integrated human immunodeficiency virus type 1 (HIV) DNA. This assay reproducibly allowed the detection of 10 copies of integrated HIV DNA, in a background of 2 ؋ 10 5 cell equivalents of human chromosomal DNA, without amplifying extrachromosomal HIV DNA. We have used this assay and a near-synchronous one-step T-cell infection model to investigate the kinetics of viral DNA accumulation following HIV infection. We report here that integrated HIV DNA started accumulating 1 h after the first appearance of extrachromosomal viral DNA and accounted for ϳ10% of the total HIV DNA synthesized in the first round of viral replication. These results highlight the efficient nature of integrase-mediated HIV integration in infected T cells.
Integration of newly synthesized viral DNA into the host cell chromosome is common to all retroviruses and is essential for a productive human immunodeficiency virus (HIV) infection (12, 22, 28, 30) . Upon reverse transcription of the viral genomic RNA, the resulting linear DNA molecule is actively transported to the nucleus within a complex of host and viral proteins known as the preintegration complex, which is thought to be the immediate precursor to the integration reaction (2, 3, 5, 13, 19, 24, 26) . Analyses of the extrachromosomal and total HIV DNA forms using both Southern hybridization and PCR-based techniques have indicated that fulllength linear DNA is first observed at approximately 3 to 4 h postinfection (p.i.) (1, 20, 21, 23, 25) . In reports on the kinetics of HIV DNA synthesis following cell-to-cell infection, the circular forms of viral DNA were shown to first appear at 8 h p.i., with the two long-terminal-repeat (2-LTR) species constituting a minor population compared to the 1-LTR and linear forms over the course of infection (1, 25) .
In contrast to investigations on both free and total viral DNA forms, little work has been performed on the accumulation of integrated DNA within infected cells following HIV infection. This has been primarily due to the lack of an appropriate assay which can selectively detect and quantify integrated viral DNA, as chromosomal DNA preparations isolated from cells infected with HIV invariably contain significant amounts of contaminating extrachromosomal HIV DNA (1, 27, 30, 34) . However, two assays able to distinguish between the extrachromosomal and integrated HIV DNA have recently been described and used to quantify the amounts of integrated proviral HIV DNA in infected patients (6) (7) (8) (9) (10) . Here we present an alternative linker-primer PCR assay (LP-PCR) developed to specifically detect and quantify integrated HIV DNA species. This assay utilizes the presence of frequently occurring NlaIII restriction enzyme recognition sites in chromosomal DNA adjacent to the integrated provirus and at known positions within the proviral sequence. Linkers are ligated to the DNA termini generated by NlaIII digestion of chromosomal DNA and serve as templates from which priming can occur in a subsequent PCR amplifying the 5Ј-U3 HIV region and upstream cellular DNA sequence. In conjunction with other PCR-based assays, we have used LP-PCR to study the kinetics of total, integrated, and 2-LTR HIV DNA accumulation over time following a high-multiplicity infection of HuT-78 T cells with HIV HXB2 . In addition, we also present results comparing LP-PCR to a nested Alu PCR method for the quantification of integrated HIV DNA.
Establishment of LP-PCR for the detection and quantification of integrated HIV DNA. To specifically detect integrated HIV DNA in the presence of contaminating extrachromosomal viral DNA forms, we modified a previously described linker ligation PCR protocol used for sequence analysis of the human T-cell leukemia virus type 1 integration junctions (32) . Briefly, chromosomal DNA was digested with the restriction enzyme NlaIII. NlaIII has a 4-bp recognition sequence and generates a 4-bp 3Ј overhang to which the specifically designed oligonucleotide linker LPNV is annealed and ligated (Fig. 1A) . This linker generates a region from which priming can occur in a subsequent PCR using the same linker oligonucleotide (LPNV) in conjunction with a primer (U3NV) designed to anneal within the U3 region of the HIV LTR. Since retroviral integration is random with respect to cellular sequences, LP-PCR generates a population of cellular-5Ј HIV junction DNA sequences of various lengths. A nested PCR was performed to generate a product of a defined length, which was then quantified against a known set of standards (see below).
To avoid LP-PCR amplification of extrachromosomal viral DNA, the chromosomal DNA preparations were also digested with the restriction enzyme BglII. BglII has a recognition sequence of 6 bp and cleaves potential LP-PCR DNA templates within extrachromosomal HIV DNA forms, generating 4-bp 5Ј overhangs to which LPNV cannot ligate (Fig. 1B) . Religation of BglII fragments was inhibited by filling in two nucleotides (G and A) of the BglII site with Klenow (lacking 3Ј-5Ј exonuclease activity [3Ј-5Ј exo Ϫ ]) polymerase before the ligation reaction was done. Due to the relative sizes of the restriction enzyme recognition sites, the chances of a BglII site occurring prior to an NlaIII site in the chromosomal sequence upstream of the 5ЈLTR is once every 16 integration events. Therefore, theoretically 94% of all integrated forms should be detectable by this technique.
The LP-PCR procedure was performed as follows: chromosomal DNA (isolated by the method of Hirt [17, 31] ) was first digested to completion with 20 U of BglII (New England Biolabs) in 2ϫ OPA Plus buffer (Pharmacia) for 3 h at 37°C in a final volume of 20 l. Following this digestion, buffering conditions were then altered to final concentrations of 1ϫ OPA Plus, 20 mM Tris-acetate (pH 7.9), 0.1 mg of bovine serum albumin (New England Biolabs) per ml, and 1 mM dithiothreitol (Boehringer Mannheim) prior to the addition of 10 U of NlaIII (New England Biolabs) and incubation at 37°C for 3 h in a final volume of 40 l. All digestion reactions were confirmed to have proceeded to completion by both gel electrophoresis and PCR-based assays (data not shown). Two nucleotides (G and A) of the BglII overhang generated by digestion were filled in with 5 U of Klenow (3Ј-5Ј exo Ϫ ) (New England Biolabs) after modification of the buffering conditions to final concentrations of 7.5 mM dithiothreitol, 0.25 mM dGTP (Promega), and 0.25 mM dATP (Promega) and incubation at 37°C for 30 min in a final volume of 50 l. Samples were then extracted with phenol-chloroform-isoamyl alcohol (25:24:1), ethanol precipitated in the presence of glycogen (Boehringer Mannheim), and washed in 70% ethanol prior to resuspension of the pellet in water. Linker ligation reactions in 1ϫ ligation buffer (New England Biolabs) using 50 pmol (vast excess) of LPNV (Table 1) were heated to 60°C for 10 min and snapcooled to minimize inter-and intramolecular ligation of NlaIII fragments, followed by the addition of 400 U of T4 DNA ligase (New England Biolabs) and incubation overnight at 16°C. First-round PCR was performed in 1ϫ PCR Buffer II (PerkinElmer), 2 mM MgCl 2 , and 0.2 mM deoxynucleoside triphosphates (dNTPs) (Promega) using 150 pmol of LPNV, 100 pmol of U3NV (Table 1) , and 5 U of AmpliTaq Gold DNA polymerase in a final volume of 100 l. PCRs were as follows: 95°C for 12 min; 22 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 1 min; and 72°C for 10 min. Nested PCRs were performed on 1/100 of the first-round PCR product in 1ϫ PCR Buffer II (Perkin-Elmer), 1.5 mM MgCl 2 , and 0.2 mM dNTPs (Promega) using 25 pmol each of primers U3.1(ϩ) and U3-106(Ϫ) ( Table 1 ) and 2.5 U of AmpliTaq DNA polymerase (PerkinElmer) in a final volume of 25 l. PCRs were cycled as follows: 94°C for 3 min; 22 cycles of 94°C for 45 s, 58°C for 30 s, and 72°C for 45 s; and 72°C for 10 min. Amplified DNA was analyzed by subjecting 10 l of each reaction mixture to electrophoresis through 8% polyacrylamide gels and then Southern transfer (electroblot apparatus) onto Hybond Nϩ nylon filters (Amersham). Following denaturation and fixation using 0.4 M NaOH, the filters were hybridized using the U3-106 probe (Table 1) in Ultrahyb solution (Ambion). Following Southern hybridization, bands were quantified using PhosphorImager ImageQuant analysis and a standard curve was generated from the simultaneous PCR of known copy numbers of standards.
In order to assess the sensitivity of the LP-PCR procedure, an integrated proviral DNA standard (designated HA8) was produced by mixing 5 ϫ 10 5 , 1 ϫ 10 6 , and 1 ϫ 10 6 cells of the H3B (25), ACH-2 (11), and 8E5 (14) cell lines, respectively, and preparing chromosomal DNA by the method of Hirt (17, 31) . These cell lines contain 2, 1, and 1 copies of the integrated HIV proviral DNA, respectively, with little or no detectable extrachromosomal forms (11, 14, 25) . Rather than a single cell line, a mixture of three clonal cell lines was used as the integrated DNA standard to account for variations associated with different integration events. DNA cell equivalents were calculated based on the average signal obtained after PCR amplification of the ␤-globin gene (31) on six chromosomal DNA extractions from cells counted independently. The HA8 standards were used as copy number controls for quantifying total HIV DNA, integrated HIV DNA, and the ␤-globin content of samples. HuT-78 (15) chromosomal DNA was used as background DNA. To confirm that all four integration sites within the HA8 cell mix could be amplified by LP-PCR, the chromosomal sequence immediately upstream of the 5Ј HIV LTR region of the integrated provirus(es) present in H3B, ACH-2, and 8E5 cells was obtained. In all cases, an NlaIII site preceded the BglII site in the flanking sequence (data not shown).
By comparison with the HA8 composite integrated HIV DNA standard, LP-PCR was shown to routinely detect 20 copies of integrated HIV-1 DNA in a background of 500 cell equivalents of HuT-78 chromosomal DNA (Fig. 2A) . In addition, we were able to reproducibly detect 10 copies of the HA8 integrated standard in the presence of 2 ϫ 10 5 cell equivalents of HuT-78 chromosomal DNA (1.2 g) when elevated nested-PCR cycle numbers were used (data not shown). Furthermore, amplification of a construct precisely mimicking the linear viral DNA form spiked onto 1.2 g of HuT-78 DNA routinely resulted in a signal intensity equivalent to ϳ7.5% of that generated by an equivalent HIV DNA copy number of the HA8 integrated standard. This result indicated that LP-PCR was approximately 15-fold more specific for the integrated than extrachromosomal HIV DNA forms (data not shown). Sample heating and snap-cooling in the presence of a vast excess of the linker prior to the ligation reaction (to minimize intermolecular NlaIII fragment ligation), as well as the use of a hot-start PCR (to fully dissociate NlaIII fragments and inhibit linkermediated amplification of all NlaIII fragments), were found to be critical to the success of this assay (data not shown). Furthermore, the efficiency of linker ligation to NlaIII termini was demonstrated to be approximately 100% (data not shown).
To further confirm that extrachromosomal DNA forms were not detected by the LP-PCR procedure, HuT-78 cells were infected with HIV HXB2 (0.5 50% tissue culture infective dose [TCID 50 ] per cell) in the presence or absence of the integration inhibitor L-731,988 (16) as previously described (31) . The reverse transcriptase inhibitor lamivudine (3TC; final concentration, 10 M) served as a control for inhibition of extrachromosomal HIV DNA synthesis prior to integration. Following analyses of 100 cell equivalents of cellular DNA using LP-PCR and a GAG-PCR protocol (31) , strong signals corresponding to total and integrated HIV DNA were observed by 26 h p.i. in drug-free cultures, respectively ( Fig. 2A and B) . As expected, cultures infected in the presence of 3TC were negative for both total and integrated HIV DNA. Analysis of DNA from cells infected in the presence of L-731,988 indicated that the accumulation of integrated HIV DNA had been abolished ( Fig. 2A  and C) , while the accumulation of extrachromosomal HIV DNA was largely unaffected (Fig. 2B) . This result clearly demonstrates that LP-PCR specifically detects integrated HIV DNA.
To further characterize the LP-PCR procedure, a direct comparison of LP-PCR and a previously published method for the detection of integrated HIV DNA (a nested Alu PCR protocol [31] ) was performed. Chromosomal preparations of the clonal cell lines ACH-2 and 8E5 (each containing one copy of integrated provirus) were shown to contain equivalent amounts of viral DNA by GAG-PCR (31) and then subjected to the LP-PCR and the nested Alu PCR procedures to detect integrated HIV DNA. While integrated DNA within the ACH-2 cell line was efficiently amplified, the nested Alu PCR method was unable to facilitate amplification of integrated DNA in the preparation of 8E5 chromosomal DNA (Fig. 2D) . In contrast, the LP-PCR procedure allowed the efficient amplification of integrated DNA present in both cell lines (Fig.  2D ). BLAST analyses of chromosomal sequence upstream of HIV integration sites in the 8E5 and ACH-2 cell lines revealed that in 8E5 cellular DNA, the Alu repeat element immediately upstream of the integrated DNA existed in the same orientation as the PBS-659(Ϫ) primer. Consequently, amplification between Alu elements upstream of the integration site in 8E5 cells, instead of amplification between the Alu164 and the PBS-659(Ϫ) primers, would have occurred. In contrast, the analogous Alu element in ACH-2 chromosomal DNA was present in the correct orientation for successful amplification with the PBS-659(Ϫ) primer (data not shown). We therefore propose that the nested Alu PCR technique allows amplification of only those integrants inserted at chromosomal sites immediately adjacent to an Alu element present in an orientation opposite to that of the PBS-659(Ϫ) primer. Statistically, then, the nested Alu PCR approach would be expected to successfully amplify at best half of all integrated proviral forms. Consequently, we believe that the LP-PCR assay is a potentially more appropriate protocol for detecting integrated HIV DNA. A comprehensive comparison between LP-PCR, nested Alu PCR, and an alternative assay currently being developed in our laboratory to detect integrated proviral forms based on the use of degenerate primers will be published elsewhere.
Kinetics of HIV-1 DNA integration following a one-step viral infection of HuT-78 cells.
To investigate the kinetics of viral DNA accumulation following infection, a highly synchronous one-step infection of HuT-78 cells with cell-free HIV at a multiplicity of infection of 1 TCID 50 per cell was performed as previously described (31) . Extensive washing of cells to remove residual noninternalized virus prior to plating minimized the chance of any additional infection events occurring after the initial infection period. Viral release into the culture supernatant following infection (as measured by P24 release using a commercial kit [NEN] ) was evident by 26 h p.i., indicating that one round of replication was complete by this stage (see Fig.  4A ). Consequently, the proportions of each viral DNA form assessed following infection were calculated at 26 h p.i. to ensure that the results obtained were not skewed by secondary cell-free (or cell-to-cell) infection events.
DNA was extracted by the method of Hirt (17, 31) from infected cells harvested at various time points following infection to ensure that the bulk (Ͼ80%) of extrachromosomal forms were separated from the chromosomal DNA forms. Chromosomal DNA preparations were subjected to PCR amplification of the ␤-globin gene to determine the cell equivalent DNA content of each sample. Samples were volume adjusted based on the results of initial ␤-globin PCR quantification, and upon reanalyses, little variation between samples was observed (Fig. 3D) . Extrachromosomal DNA preparations were equalized between samples based on a semiquantitative PCR assay (31) measuring the mitochondrial complement of this fraction. The mitochondrial DNA PCR results showed only minor variation between all samples, and therefore adjustment was not necessary (Fig. 3E) .
The total viral DNA complement was measured by mixing Hirt supernatant and Hirt pellet DNA fractions from the same time points and analyzing the pooled samples by PCR for the presence of GAG DNA sequences that are synthesized in the mid-late stages of the HIV reverse transcription process (20) . PCRs were performed on 500 cell equivalents of DNA as described previously (31) . The results (Fig. 3A) indicated that near full-length viral DNA was detected approximately 3 h after infection, which is in close agreement with previous studies (1, 21, 25) . PhosphorImager analysis of bands showed that total HIV DNA had peaked at a level of approximately 30 copies/cell at 14 h p.i. and declined to levels of approximately 20 copies per cell by 26 h p.i. (Fig. 4B) . The reduction in the total viral DNA complement after 14 h p.i. (ϳ40%) can be attributed to the degradation of extrachromosomal HIV DNA within the cellular environment. This result is consistent with a previous report showing that significant proportions of reversetranscribed viral DNA degrade within the intracellular environment following cell-to-cell infection (1) . Most viral DNA had been reverse transcribed by 5 h p.i. (Fig. 4B) , providing further evidence that this one-step HIV infection was nearly synchronous. Consistent with the results of P24 release following infection (Fig. 4A) , the GAG signal at 50 h p.i. was higher than at 26 h p.i., implying that some degree of either secondround cell-free or cell-to-cell infection (superinfection) may have occurred during this time.
Integrated HIV DNA levels were measured using both the LP-PCR procedure (Fig. 3, panel B .i) and a modified version of the previously published nested Alu PCR protocol (31) in chromosomal DNA preparations of infected cells harvested at each time-point (Fig. 3, panel B .ii). Integrated DNA was first detected by LP-PCR (performed on 100 cell equivalents of chromosomal DNA) at 4 h p.i. (that is, 1 h after the first appearance of newly synthesized viral DNA) (Fig. 3 , compare panels A and B.i) and the level reached approximately three copies/cell by 26 h p.i. In contrast, when the nested Alu PCR method was performed (on 1,000 cell equivalents of DNA), integrated provirus was first detected considerably later and repeatedly displayed lower levels (Fig. 3, panel B .ii) across all time points tested. Control experiments involving first-round amplification of 26-h-p.i. samples performed in the absence of ligation (LP-PCR) or the Alu164 primer (nested Alu PCR) ( Table 1 ) resulted in bands of very low intensity (Fig. 3 , panels B.i and B.ii). This indicated that the signals obtained when amplification was performed in the presence of both ligation (LP-PCR) and the Alu164 primer (nested Alu PCR) indeed resulted from the specific amplification of integrated HIV DNA and not the nested amplification of input target sequences. The discrepancy between integration levels observed when either the LP-PCR or the nested Alu PCR protocol was used was expected and was presumed to result from the ability of the nested Alu PCR approach to detect only a small proportion of integration events (Fig. 2D) . Therefore, integrated HIV DNA, at the end of the first round of HIV replication (i.e., 26 h p.i.), was found to account for approximately 10% of the total HIV DNA synthesized at the peak of viral DNA accumulation (i.e., 14 h p.i.) (Fig. 4B) .
We also monitored accumulation of the 2-LTR viral DNA forms using a specific PCR amplification protocol with primers flanking the dual-repeat cassette within the circular form. To allow quantification of 2-LTR viral DNA levels, a control construct was generated by PCR amplification of Hirt supernatant samples taken from a cell-free infection of HuT-78 cells at 26 h p.i. using primers R7 and U3NV (Table 1 ). The 2-LTR control construct was precisely quantified (based on LTR copy number) by comparative PCR amplification against the HA8 standard mix using primers U3.1(ϩ) and U3-106(Ϫ) ( Table 1) in appropriate amounts of background DNA (data not shown). Quantification of 2-LTR circular DNA following infection was achieved by performing PCR on 500 cell equivalents of total DNA in 1ϫ PCR Buffer II (Perkin-Elmer), 1.5 mM MgCl 2 , and 0.2 mM dNTPs using 25 pmol each of primers R7 and U3PNV and 1.5 U of AmpliTaq Gold DNA polymerase. Reactions were cycled as follows: 94°C for 12 min; 26 cycles of 94°C for 15 s, 58°C for 30 s, and 72°C for 45 s; and 72°C for 10 min. The initial results (Fig. 3, panel C. i) clearly showed continuing 2-LTR DNA accumulation from 7 h p.i. onwards, which is in close agreement with previous studies (21) . An unexpectedly low value was obtained for the 26-h-p.i. sample. Since this time point was to be used for our endpoint analysis, we reanalyzed this sample and the adjacent time points using 1,000 cell equivalents of DNA (Fig. 3, panel C .ii). Taken together, these results showed that the 2-LTR viral DNA form is a minor species compared to the integrated DNA form, with levels of ϳ0.4 copy/cell (representing ϳ1% of the total viral DNA species) at 26 h p.i. (Fig. 4B) .
In our infection model, nearly full-length DNA species were first detected at 3 h p.i., with the appearance of integrated forms at 4 h p.i. Integrated HIV DNA as measured by LP-PCR was found to comprise approximately 10% of the total viral DNA synthesized following one round of infection (Fig. 4B) . While we believe such levels to represent an efficient process, care should be taken when the integration efficiencies observed in cell-free T-cell infection systems are used for predicting the integration efficiencies in vivo. Our infection model involves the use of actively growing T cells and a high multiplicity of infection. Consequently, this model gave rise to a large number of viral DNA molecules, which might be expected to compete for cellular factors involved in a variety of early events in HIV replication, including integration. It is possible that in HIVinfected patients, where these factors might not be as limiting, the efficiency of HIV integration would be higher as measured by the amounts of integrated viral DNA expressed as a percentage of the total viral DNA. Furthermore, major differences exist in vivo with respect to not only the various activation states of T cells but also the cell type(s) infected. Cells of the macrophage/monocyte lineage are generally considered to be nondividing cells, and the early events in infection of these cells differ markedly from those observed in proliferating T cells (29, 33) . Thus, the kinetics of integration within the monocyte/ macrophage cell lineage should be considered in a separate study.
In conclusion, we have established a system in which the amounts of integration can be measured over the course of an infection with HIV-1. We have also demonstrated that HIV-1 integration is a rapid and relatively efficient process under one-step infection conditions and defined the levels of total, integrated, and 2-LTR HIV DNA forms during the course of infection. While this article was being revised, a short report was published that supports the conclusions of this work by demonstrating similar frequencies of proviral integration into host chromosomal DNA following a one-step, cell-free infection model (4) . Studies are now under way to investigate the mechanisms of integration and the efficiency with which potential integrase inhibitors affect the accumulation of integrated proviral DNA in infected cells under similar infection conditions.
